In this work we have investigated the structural and electronic properties of SnO, which is built up from layers kept together by van der Waals (vdW) forces. The combination of a vdW functional within density functional theory (DFT) and quasiparticle band structure calculations within the GW approximation provides accurate values for the lattice parameters, atomic positions, and the electronic band structure including the fundamental (indirect) and the optical (direct) band gap without the need of experimental or empirical input. A systematic comparison is made between different levels of self-consistency within the GW approach {following the scheme of Shishkin et al. [Phys. Rev. B 75, 235102 (2007)]} and the results are compared with DFT and hybrid functional results. Furthermore, the effect of the vdW-corrected functional as a starting point for the GW calculation of the band gap has been investigated. Finally, we studied the effect of the vdW functional on the electron charge density.
The most stable form of SnO is the so-called litharge form which has a tetragonal structure (space group P 4/nmm) with lattice parameters a = 3.801Å and c = 4.835Å. 9 The oxygen atoms form the base of a square pyramid with the tin atom located at the apex, resulting in a layered stacking of Sn-O-Sn slabs along the [001] direction with each slab consisting of an oxygen layer sandwiched between two tin layers as shown in Fig. 1 . The oxygen atoms are located at positions (0,0,0) and (0.5,0.5,0) and the position of the tin atoms is given by (0,0.5,u) and (0.5,0,−u) with u = 0.2381. 9 Between the Sn-O-Sn slabs, i.e., between adjacent Sn layers, a weak van der Waals (vdW) bonding exists with a distance of 2.53Å between successive slabs. The structural and electronic properties of SnO have been studied far less with first-principles computational techniques than those of SnO 2 . In particular, density functional theory (DFT) was used successfully in a series of papers [10] [11] [12] [13] to clarify the relation between the structural (and electronic) properties and the nature of the so-called lone pair electrons. As expected, all DFT results underestimate the fundamental and optical band gap. The fundamental band gap is found experimentally to be indirect with a value of ∼0.7 eV, while the direct optical gap has a value of ∼2.7 eV. 7, 14 DFT results for the (fundamental) band gap vary between no gap and 0.6 eV, 10, [15] [16] [17] [18] [19] [20] depending strongly on the used exchange and correlation (xc) functional, basis set, and lattice parameters (computationally optimized versus experimental values). For example, using the experimental lattice parameters, a full-potential linearized-augmented-plane-wave calculation 21 gives a value of 0.3 eV for the band gap with both the local density and generalized gradient approximation (LDA and GGA, respectively) for the xc functional, whereas other results are often much closer to the experimental value. 10, 19, 20 All these results can be rationalized by noticing that the band gap depends sensitively on the total volume, thereby yielding larger band gaps with increasing volume. 22 In contrast to many other semiconductors and insulators, the band gap of SnO does not only suffer from the DFT discontinuity in the xc functional, 23 but also from the inability of traditional functionals to correctly describe the vdW bonding. In recent work an empirical vdW correction within the DFT approach was included to obtain structural parameters for SnO in line with experiment. 18, 19 However, a more general approach to account for London dispersion forces within DFT is given by nonlocal correlation functionals and in particular the functional form proposed by Dion et al.:
where the exchange energy E GGA x is given by the generalized gradient approximation (GGA) and the correlation energy has a local part E LDA c , given by the local density approximation (LDA), and a nonlocal part E nl c , which accounts approximately for the nonlocal electron correlation effects. Using the efficient implementation of the vdW functional by Román-Pérez and Soler 25 a self-consistent calculation 26 takes hardly more time than a standard GGA calculation.
In the first part of this work a comparison between several versions of nonlocal correlation functionals as discussed in Ref. 27 is presented. We show that the so-called optB86b van der Waals density functional (vdW-DF) yields structural parameters for SnO in very good agreement with experiment. Using this structure we find a reliable band gap from quasiparticle band structure calculations within the GW approximation 28 as implemented 29, 30 in the VASP code. 31, 32 In fact, we will consider three levels of sophistication: (i) Kohn-Sham eigenvalues and eigenfunctions are used to compute the Green's function G and the screened Coulomb interaction W (G 0 W 0 ), (ii) updating the eigenvalues in the Green's function G (GW 0 ), and (iii) updating the eigenvalues in G and W (GW ) (the latter will often be referred to as the self-consistent GW ). Since the GW method is a perturbative approach the results depend on the choice of the xc functional used in the initial DFT calculation. Therefore we consider both vdW corrected and noncorrected functionals as input for the GW calculations. We also compare the GW results with those obtained from a hybrid functional approach using the HSE03 and HSE06 functionals. [33] [34] [35] [36] [37] Finally, we show the effect of the vdW DF on the charge density around the Sn and O atoms.
II. COMPUTATIONAL DETAILS
Optimized lattice parameters and atomic positions were obtained from relaxing the tetragonal SnO structure by using first-principles calculations performed within the DFT formalism as implemented in the Vienna ab initio simulation package VASP. 31, 32 We used the all-electron projector augmented wave (PAW) method with the Sn (5s 2 5p 2 4d 10 ) and O (2s 2 2p 2 ) electrons treated as valence electrons. For the xc functional we considered both the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) 38 and the vdW-DFs discussed in Ref. 27 . In the remainder of the paper the different vdW-DFs will be denoted by the acronym given in Ref. 27 . For total energy calculations and structure optimization we used a 8 × 8 × 8 grid for the Brillouin zone integration. The plane wave cutoff value was chosen 900 eV, so that our results are converged within 10 −4 eV/atom. Both lattice parameters and atom coordinates are relaxed. For the electronic structure calculation we considered the results as converged when the energy difference between two successive steps was smaller than 10 −5 eV and for the geometry optimization we considered a convergence criterium for the forces on the atoms of less than 10 −3 eV/Å. For the GW calculations, convergence is also carefully checked. We used a 6 × 6 × 6 k-point grid and a cutoff energy of 600 eV. A thousand bands had to be included, and for the update of G and W , four steps are necessary to find band gap energies converged up to 10 −3 eV. For comparison band gaps have also been calculated with the hybrid functional proposed by Heyd, Scuseria, and Ernzerhof (HSE). 33 We consider both the original screening parameter μ = 0.3Å −1 (HSE03) 34 and μ = 0.2Å
(HSE06).
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III. RESULTS AND DISCUSSION
A. Structural properties
We relaxed the SnO structure-both lattice parameters and atomic positions-with the settings described in the previous section, by making use of different vdW-DFs implemented in VASP, 24, 27, 39 for which the results are shown in Table I . For comparison we added the bare PBE values without any vdW correction and those obtained from the empirical vdW correction suggested by Grimme. 40 Bare PBE overestimates the lattice parameters and in particular the distance between adjacent Sn layers is too large. Both optPBE-vdW and optB88-vdW functionals provide results similar to those of bare PBE, whereas the results for optB86b-vdW and the Grimme correction are much closer to experiment. In line with previous results 27, 41 both the rPW86-vdW and revPBEvdW functional give lattice constants that are too large. For completeness we also added to Table I the results obtained from hybrid functionals HSE03 and HSE06. Both hybrid functionals provide values for a and c closer to experiment than bare PBE. From Table I we conclude that both the Grimme potential and optB86b-vdW provide structural parameters in very good agreement with experiment, in particular for the distance between adjacent Sn layers, which depends strongly on the vdW forces. The structure optimization with the optB86b-vdW functional yields a nearest neighbor distance between Sn and O of 2.243Å, which is better than any other vdW-DF listed in Table I and in line with the experimental value of 2.222Å. In the remainder of this paper we continue to work with the lattice parameters and atomic positions obtained with optB86b-vdW.
B. Electronic properties
In Fig. 2 the total density of states (DOS) calculated with optB86b-vdW (for a structure optimized with optB86b-vdW) is shown, for which a small band gap of 0.16 eV is observed. The partial DOS in In Table II we summarize our results for the fundamental band gap calculated with different approximations. We considered three structural models for SnO. For the first one (referred to as "relaxed with PBE" in Table II ) the lattice parameters and atomic positions are optimized with the PBE functional excluding any vdW correction. The second model results from the optimization with the optB86b-vdW functional (referred to as "relaxed with optB86b-vdW") and the third one uses the experimental crystal structure (referred to as "experiment"). For a fixed structure we have solved the Kohn-Sham equations self-consistently for all three models with the bare PBE functional and the optB86b-vdW functional. The resulting eigenvalues and eigenfunctions were subsequently used as input for the GW calculations.
In all cases that have been studied, an indirect band gap was found between the and M point. When the SnO structure is relaxed without vdW correction a value of 0.43 eV was found with the bare PBE functional. Although this result is not too far away from the experimental band gap of 0.7 eV, it is an artifact and a consequence of the failure of PBE to account for the vdW forces which results in a volume of 75.21Å 3 , while experiment gives 69.85Å 3 . This is in line with the strong dependence of the band gap with the volume. 22 Furthermore, the well-known underestimation of the band gap by PBE (with or without vdW correction to the xc functional) is clearly demonstrated by the results listed in the first column of Table II. In particular for the vdW-relaxed and the experimental structures the band gap becomes very small. It should also be noticed that there is a systematic opening of the band gap when the vdW functional is used for the self-consistent calculation of the eigenvalues and eigenfunctions.
Although DFT eigenvalues do not provide accurate values for the band gap of semiconductors and insulators, they are still a good starting point for the quasiparticle calculations within the GW approximation. In Table II we list the results for the considered three levels of approximation (G 0 W 0 , GW 0 , and GW ) as explained in the Introduction. We clearly observe that for the structure optimized without vdW all GW results overestimate the band gap. But for the vdW relaxed and the experimental structure the GW calculations are already much better. In particular we obtain values close to experiment for G 0 W 0 and GW 0 . Updating both G and W self-consistently leads to an overestimation of the gap. Our results are in line with previous observations for small and large band gap semiconductors 30 : While G 0 W 0 underestimates and GW overestimates the band gap, GW 0 provides good agreement with experiment. Our results are also in agreement with the 0.74 eV obtained in a recent G 0 W 0 calculation based on the experimental crystal structure and using DFT-LDA eigenvalues and eigenfunctions as starting value. 43 The LDA band gap found in Ref. 43 is considerably larger than the present PBE value of 0.04 eV. The difference in starting point (i.e., using the vdW eigenvalues and eigenfunctions or the bare PBE ones) observed for the PBE results is also reflected in the GW calculations. The GW 0 result for the experimental structure yields a value of 0.71 eV with the PBE Kohn-Sham eigenfunctions and is in excellent agreement with the experimental value of 0.7 eV, whereas using the optB86b-vdW eigenfunctions gives a somewhat larger value of 0.78 eV. The results of Table II show that an accurate value for the band gap can be obtained without relying on any experimental structural information or empirical input parameters. The GW 0 value for the structure optimized with optB86b-vdW is 0.75 eV when using the PBE eigenfunctions, which is somewhat larger than the experimental value.
For larger systems GW calculations are often prohibited and hybrid functionals often provide a viable alternative. Therefore, for comparison, we have calculated the band gap with the popular HSE06 functional and its predecessor HSE03. When we use the structures optimized with the HSE functional (see Table I ), a fundamental gap of 0.59 and 0.43 eV was found for HSE06 and HSE03, respectively. Since the hybrid functionals overestimate the volume (by ∼2.5%) it is expected that the value of the band gap will further decrease for the experimental lattice parameters and those optimized with the optB86b-vdW DF. This is shown in the last two columns of Table II , where, in line with the bare PBE and GW results, the same dependence of the calculated indirect band gap on the lattice parameters is observed.
Since optical experiments mainly probe the direct band gap we provide in Table III the direct gap of SnO, which is experimentally measured to be 2.7 eV. For the structure optimized without vdW forces, this gap is located at the point, while for the experimental lattice parameters and the vdW-relaxed structure, the band gap is located at the M point. This result was also found in Ref. 19 and is a consequence of a lowering in energy of the conduction band minimum (at the M point) relative to the rest of the band, when the lattice parameters are optimized with the vdW functional. From Table III it follows that bare PBE underestimates the direct band gap, whereas the fully self-consistent GW with values ranging between 3.15 and 3.27 eV systematically overestimates the optical band gap. The best results are obtained with G 0 W 0 and GW 0 that slightly overestimate the band gap. This small overestimation of the direct gap could be a consequence of neglecting excitonic effects. In contrast to the results for the indirect band gap, the optimization of the structure with vdW-corrected functionals hardly changes the results for the direct band gap. For example a result of 1.93 eV is obtained for the structure optimized with PBE and with PBE eigenfunctions and 1.92 eV is found for its counterpart relaxed with the optB86b-vdW functional. However, it should be noticed that the values for relaxed with PBE correspond to the direct band gap at the point, whereas the results for relaxed with optB86b-vdW correspond to the M point.
For structures optimized with HSE06 and HSE03, these functionals give a direct gap of 2.67 and 2.51 eV, respectively, at the point, which is very close to the experimental value. The last two columns of Table III show the values of the direct band gap calculated with hybrid functionals for different optimized structures and the experimental lattice parameters. For all cases the values are very close to the experimental value of 2.7 eV, especially for the calculations with HSE06.
In Fig. 4 we present the band structure with eigenvalues obtained from the vdW-corrected PBE functional using the vdW-optimized structure (the other structures yield similar results). The GW eigenvalues are superimposed on the DFT band structure for several k points. The different colors of the points refer to the different levels of self-consistency of the GW calculations. While the conduction band minimum is hardly altered in going from the DFT to the quasiparticle approach, the valence band maximum exhibits a small decrease thereby opening the gap. For lower lying valence bands the GW results show a larger decrease in energy and the effect is stronger on increasing the level of self-consistency (G 0 W 0 → GW 0 → GW ). In particular, we find a downward shift of the Sn-d band by ∼3 eV with GW 0 . Higher lying conduction bands show an increase in energy in comparison with the DFT-PBE results and the effect is stronger with the increasing level of self-consistency.
C. The nature of the van der Waals bond
In order to gain insight into the effect of the vdW functional on the interatomic bonding, we consider the charge density difference,
where ρ vdW is the charge density calculated with the optB86b-vdW DF and ρ novdW is the density calculated with the same exchange part and local correlation part (LDA) but without the nonlocal contribution. In Fig. 5 we show ρ for the (001) plane, containing the two O atoms. A relative large and almost spherical symmetric excess of electrons is observed in a narrow region around the O atoms when including the nonlocal contribution.
To visualize better the small changes in ρ in between the O atoms, we artificially put the charge density around the O atoms to zero. For the (001) plane through the O atoms, this is shown in Fig. 6 , where a depletion of electrons between the different O atoms is observed due to the vdW effect. There is also an excess of electron charge density between equivalent O atoms, coming from the Sn atoms, situated above and below the O plane. In Fig. 7 ρ is shown for the (010) plane, containing a Sn atom and an O atom. Here again we artificially put the charge density around the O atoms to zero for visualization purposes. Due to the nonlocal contribution, the electron density around the Sn nuclei moves primarily to the region in between the Sn atoms along the c axis, and secondly to the region in between the Sn atom and the O plane. This charge redistribution due to the vdW contribution goes together with the observed reduction in the c parameter discussed in Sec. III A.
IV. CONCLUSION
In this work we have shown that a combination of current vdW-corrected functionals and state-of-the-art many-body calculations within the GW approximation provide accurate values for both structural and electronic properties without the need of experimental input or any empirical parameters. Together with the Grimme correction on PBE the optB86b-vdW functional accounts correctly for the vdW forces between adjacent Sn layers. Subsequently this structure was used as input for the quasiparticle band structure calculations. We considered three levels of self-consistency for the GW calculations with G 0 W 0 and GW 0 yielding results in close agreement with experiment (with slightly larger values for the latter) for both the fundamental and optical band gap and with the self-consistent GW overestimating both band gaps. Furthermore, we have investigated the effect of the structural details (lattice parameters and atomic positions) on the band gap demonstrating clearly the artificial opening of the gap when the structure is optimized with a non-vdW corrected functional. Moreover, we have shown that the Kohn-Sham eigenvalues and eigenfunctions which are used as starting point for the GW calculations affect the final value of the band gap: Using the vdW-corrected functional leads to a small increase of the band gap in comparison to the non-vdW corrected bare PBE functional. A detailed analysis of the interatomic bonding has shown that the vdW contribution results in relative large electron excess in a narrow region around the O atoms and a small depletion of electrons around the Sn atoms and between the O atoms.
